The overall organization of budding yeast chromosomes is driven and regulated by four factors: (i) the tethering and clustering of centromeres at the spindle pole body; (ii) the loose tethering of telomeres at the nuclear envelope, where they form small, dynamic clusters; (iii) a single nucleolus in which the ribosomal DNA (rDNA) cluster is sequestered from other chromosomes; and (iv) chromosomal arm lengths. Hi-C, a genomic derivative of the chromosome conformation capture approach, quantifies the proximity of all DNA segments present in the nuclei of a cell population, unveiling the average multiscale organization of chromosomes in the nuclear space. We exploited Hi-C to investigate the trajectories of synthetic chromosomes within the Saccharomyces cerevisiae nucleus and compare them with their native counterparts.
INTRODUCTION:
The overall organization of budding yeast chromosomes is driven and regulated by four factors: (i) the tethering and clustering of centromeres at the spindle pole body; (ii) the loose tethering of telomeres at the nuclear envelope, where they form small, dynamic clusters; (iii) a single nucleolus in which the ribosomal DNA (rDNA) cluster is sequestered from other chromosomes; and (iv) chromosomal arm lengths. Hi-C, a genomic derivative of the chromosome conformation capture approach, quantifies the proximity of all DNA segments present in the nuclei of a cell population, unveiling the average multiscale organization of chromosomes in the nuclear space. We exploited Hi-C to investigate the trajectories of synthetic chromosomes within the Saccharomyces cerevisiae nucleus and compare them with their native counterparts.
RATIONALE: The Sc2.0 genome design specifies strong conservation of gene content and arrangement with respect to the native chromosomal sequence. However, synthetic chromosomes incorporate thousands of designer changes, notably the removal of transfer RNA genes and repeated sequences such as transposons and subtelomeric repeats to enhance stability. They also carry loxPsym sites, allowing for inducible genome SCRaMbLE (synthetic chromosome rearrangement and modification by loxP-mediated evolution) aimed at accelerating genomic plasticity. Whether these changes affect chromosome organization, DNA metabolism, and fitness is a critical question for completion of the Sc2.0 project. To address these questions, we used Hi-C to characterize the organization of synthetic chromosomes.
RESULTS:
Comparison of synthetic chromosomes with native counterparts revealed no substantial changes, showing that the redesigned sequences, and especially the removal of repeated sequences, had little or no effect on average chromosome trajectories. Sc2.0 synthetic chromosomes have Hi-C contact maps with much smoother contact patterns than those of native chromosomes, especially in subtelomeric regions. This improved "mappability" results directly from the removal of repeated elements all along the length of the synthetic chromosomes. These observations highlight a conceptual advance enabled by bottom-up chromosome synthesis, which allows refinement of experimental systems to make complex questions easier to address. Despite the overall similarity, differences were observed in two instances. First, deletion of the HML and HMR silent mating-type cassettes on chromosome III led to a loss of their specific interaction. Second, repositioning the large array of rDNA repeats nearer to the centromere cluster forced substantial genome-wide conformational changesfor instance, inserting the array in the middle of the small right arm of chromosome III split the arm into two noninteracting regions. The nucleolus structure was then trapped in the middle between small and large chromosome arms, imposing a physical barrier between them.
In addition to describing the Sc2.0 chromosome organization, we also used Hi-C to identify chromosomal rearrangements resulting from SCRaMbLE experiments. Inducible recombination between the hundreds of loxPsym sites introduced into Sc2.0 chromosomes enables combinatorial rearrangements of the genome structure. Hi-C contact maps of two SCRaMbLE strains carrying synIII and synIXR chromosomes revealed a variety of cis events, including simple deletions, inversions, and duplications, as well as translocations, the latter event representing a class of trans SCRaMbLE rearrangements not previously observed.
CONCLUSION: This large data set is a resource that will be exploited in future studies exploring the power of the SCRaMbLE system. By investigating the trajectories of Sc2.0 chromosomes in the nuclear space, this work paves the way for future studies addressing the influence of genome-wide engineering approaches on essential features of living systems. Although the design of the synthetic yeast genome Sc2.0 is highly conservative with respect to gene content, the deletion of several classes of repeated sequences and the introduction of thousands of designer changes may affect genome organization and potentially alter cellular functions. We report here the Hi-C-determined three-dimensional (3D) conformations of Sc2.0 chromosomes. The absence of repeats leads to a smoother contact pattern and more precisely tractable chromosome conformations, and the largescale genomic organization is globally unaffected by the presence of synthetic chromosome(s). Two exceptions are synIII, which lacks the silent mating-type cassettes, and synXII, specifically when the ribosomal DNA is moved to another chromosome. We also exploit the contact maps to detect rearrangements induced in SCRaMbLE (synthetic chromosome rearrangement and modification by loxP-mediated evolution) strains.
G enes in the genome of the budding yeast Saccharomyces cerevisiae are nonrandomly distributed along its 16 chromosomes. For instance, centromere-and telomereproximal regions are enriched in families of co-regulated genes (1-4). Chromosome threedimensional (3D) organization in this species has been studied through imaging and genetic studies (5) (6) (7) (8) , revealing a characteristic Rabl organization (9) . Four main factors drive the overall organization: (i) 16 centromeres tethered and clustered at the spindle pole body (SPB, the yeast microtubule organizing center); (ii) telomeres forming smaller groups tethered at the nuclear envelope; (iii) a single nucleolus across the nucleus from the SPB, where the ribosomal DNA (rDNA) is sequestered from other chromosomes; and (iv) chromosomal arm lengths. In addition to these factors, several sequences have been shown or suggested to influence the organization. For instance, transfer RNA (tRNA) genes have been proposed to influence chromosome folding through repositioning in the vicinity of either the SPB or the nucleolus (10, 11) . Telomeric repeats may also play a role in telomere clustering and anchoring to the nuclear envelope (8, 12) . Sc2.0 genome design specifies strong conservation of gene content and arrangement with respect to the native yeast genome (13) . However, synthetic chromosomes encode thousands of designer changes intended to improve genetic stability and increase genetic flexibility (13) . For example, tRNA genes were deleted during the design of Sc2.0 chromosomes, to be relocated to a separate "neochromosome" (13) , and subtelomeric regions were substantially altered as well, with large repeated sequences corresponding either to Y′ or gene families deleted. Further, loxPsym sites encoded by Sc2.0 chromosomes enable inducible evolution by SCRaMbLE (synthetic chromosome rearrangement and modification by loxP-mediated evolution) (14, 15) to generate combinatorial genomic diversity through rearrangements (16) . Several synthetic chromosomes are now built (14, (17) (18) (19) (20) (21) (22) ; it is thus possible to experimentally address whether or not Sc2.0 modifications affect the overall chromosome organization in strains carrying synthetic chromosomes.
Genomic chromosome conformation capture approaches [e.g., Hi-C (23, 24)], which provide access to the average 3D chromosome organization from a population of cells, have highlighted the Rabl organization of the S. cerevisiae and other fungal genomes (Fig. 1A) (25, 26) . In a Hi-C experiment, ligation frequencies between DNA restriction fragments are quantified through deep sequencing, reflecting contacts within the nuclear space and presumably their average respective positions in populations of cells. These frequencies are usually represented as 2D heat maps ( fig. S1 ) and can be processed and visualized as 3D representations to facilitate their interpretation (Fig. 1A) (27) . To investigate Sc2.0 chromosome organization, Hi-C contact maps (bin size, 5 kb) and 3D representations (see the Materials and methods section for interpretation of such structures) of synII, synIII, synV, synVI, synIXR, synX, and synXII were generated from daughter cells synchronized through elutriation (Fig. 1 , B to D; figs. S2 to S10; tables S1 to S2; and movies S1 to S10) (28) .
Trajectories of synthetic chromosomes in the nuclear space
To determine whether individual or combinations of Sc2.0 chromosomes influence the overall genome organization, the contact map of the subset of invariant (native) chromosomes was generated for each strain. Euclidean distances between these maps were then computed, which revealed that the presence of one or more Sc2.0 chromosomes did not dramatically affect the overall structure of the remaining genome (fig. S11). The 3D representations also allowed for the qualitative comparison of native and synthetic sequences, showing that the average trajectories of individual Sc2.0 chromosomes did not appear to be substantively altered compared with those of their native counterparts, with synthetic chromosomes neighboring the same chromosomes as the native ones ( Fig. 1 and figs. S2 to S10 for side-by-side comparisons). To quantitatively compare the internal folding of Sc2.0 chromosomes with that of their native counterparts, we computed the contact frequency decay as a function of the increasing genomic distance for all pairs of loci. No substantial differences between synthetic and native chromatin were detected (Fig. 1E) , suggesting that the redesigned sequence has little or no effect on the internal folding of the chromosome beyond a~5 to 10% shortening through the removal of repeats.
Sc2.0 design improves mappability
A comparison of Sc2.0 maps with those of their native counterparts nevertheless revealed much smoother contact patterns in the designer chromosomes, as shown by the quasi-absence of white lines in synthetic contact maps. This stems from the intentional deletion of repeated elements, which leads to improved "mappability," relative to the native sequence, along the length of the synthetic chromosome (Fig. 1 , E and F, and figs. S2 to S10). For instance, for chromosome II, eight bins (5% of the chromosome) appeared insufficiently covered in the native (wild-type, WT) counterpart, whereas the synthetic counterpart (synII) had no bins that were insufficiently covered (figs. S2 and S12). In addition, the normalized contact frequencies between synVI subtelomeres appeared to be much higher than in the native counterpart ( fig. S13 ). This variation results directly from the improved mappability of subtelomeric regions after the removal of subtelomeric repeats. On the other hand, subtelomeric contacts are underestimated in native chromosomes because of these repetitive sequences. These observations highlight the conceptual advance enabled by bottom-up chromosome design and synthesis to investigate fundamental questions; scientists can now design experimental systems at unprecedented levels of refinement, making complex questions easier to address experimentally. For instance, investigating the elusive regulatory influences of repeated sequences in mammalian genomes could benefit from similar techniques.
SynIII conformation is modified by the design
Specific contacts between the duplicated HML and HMR silent mating-type loci that bridge the two arms of chromosome III have been identified (23, 29) . The deletion of these cassettes led to a loss of contacts on synIII (Fig. 2, A and B) . Moreover, chromosome III shows a mating-typespecific conformation that depends on the integrity of a recombination enhancer sequence (30) . Despite the presence of the recombination enhancer sequence in synIII, the mating-type-specific conformation was lost ( fig. S14 ). We speculate that the deletion of the silent loci in synIII underlies this result, but additional experiments are required to discriminate this possibility from the potential influence of other changes in the sequences. synIII still exhibited enriched contacts between its subtelomeres, a feature characteristic of the small metacentric chromosomes I, III, and VI (12, 31) .
Repositioning the rDNA locus affects the global 3D structure of the genome
The rDNA locus on the right arm of chromosome XII consists of a cluster (100 to 200) of~9-kb rDNA units, each containing two ribosomal precursor genes. This cluster assembles in the nucleolus, a discrete, crescent-shaped nuclear compartment that occupies~one-third of the total nuclear space and is positioned opposite to the SPB. Two versions of the synXII chromosome (27) . Each bead represents a 5-kb chromosome segment. Centromeres, telomeres, and rDNA-flanking regions are indicated with white, black, and red beads, respectively. Each chromosomal arm has been colored according to its length. (B to D) Contact maps and corresponding 3D representations of synthetic chromosomes in three different strains: JDY512 (synII and synXII) (B), yXZX573 (synV and synX) (C), and yLM896 (synIII, synVI, and synIXR) (D). The top panels are normalized contact maps of the seven synthetic chromosomes (bin size, 5 kb). Normalized contact frequencies (27) are indicated in a log 10 scale ranging from white (few contacts) to dark red (many contacts). Filtered bins are set to zero (white vectors). The solid gray triangle points to the position of the rDNA cluster. The bottom panels show whole-genome 3D representations of the contact maps displayed above, with synthetic and native chromosomes represented with colored and gray beads, respectively. (E) Distribution of the number of contacts as a function of the genomic distance for synV (pink) and native chromosome V (black). (F) Side-by-side comparison of synII (strain YS031) and native chromosome II (strain BY4742) normalized contact maps. Nonmappable, repeated regions are highlighted with red arrowheads on the native map.
were designed, with and without the rDNA cluster. When not located on synXII, the rDNA was positioned either on the multicopy 2m plasmid (one unit per plasmid) or reintegrated as an array within the right arm of the small chromosome III (22) . Chromosome organization was investigated in these strains. Because of their repetitive nature, rDNA unit reads cannot be uniquely mapped, and the rDNA cluster on the 3D reconstruction thus appears as an empty space flanked by the closest regions that can be mapped unambiguously (Figs. 1A and 3, A to C) . In strains without the rDNA locus on synXII (JDY446, JDY448, and JDY449), the continuity of the two regions flanking the original insertion site was clearly visible on the contact map and 3D representations of the right arm (Fig. 3 , A to C, and figs. S5 and S6). The presence of 2m plasmids carrying a rDNA unit (strain JDY446) did not result in a large reorganization of the genome ( fig. S5) , suggesting that the plasmids do not form large discrete heterochromatic structures, in agreement with the studies reporting the formation of multiple small clusters (22, 32) . On the other hand, the insertion of the rDNA array in the middle of the right arm of chromosome III (strains JDY448 and JDY449) resulted in substantial reorganization of the genome (Fig.  3C and fig. S6 ). The right arm of chromosome III appeared to be split into two noninteracting regions by the rDNA cluster, an arrangement similar to the native chromosome XII structure (25) . Relocating the rDNA to a short chromosomal arm imposed new constraints on the genome: The nucleolus became trapped between short and long chromosome arms, forming a physical barrier between them, as shown by reduced contacts between these arms (Fig. 3C) . In addition, contacts between the rDNA and subtelomeric regions were increased overall (Fig. 3D) as a result of the greater proximity of the nucleolus to the entire set of chromosomal extremities. Also, the IIIR subtelomere in this strain contacted long arm subtelomeres (blue arrow on Fig. 3C) . No growth rate defects were detected in these strains, suggesting that the position of the rDNA locus has little effect on fitness in the laboratory growth conditions tested in our study. However, given the observed constraints, it would be informative to run long-term cultures to see whether the rDNA locus spontaneously relocalizes, and if so, where.
Hi-C analysis of SCRaMbLE chromosomes
All synthetic chromosomes carry the SCRaMbLE system, a chromosome-wide expansion of the Cre/lox site-specific recombination assay used to measure local DNA concentrations in genomes (5, 33) . The Sc2.0 design includes the integration of hundreds of loxPsym sites all along chromosomes, at the end of every nonessential gene and at specific landmarks. Upon activation of the Cre recombinase, two loxPsym will recombine if they encounter each other in the nuclear space, leading to a structural variant. The hundreds of sites therefore hold a large combinatory potential, leading to rapid and complex structural changes of synthetic chromosomes. Previous analysis of synIXR SCRaMbLE strains has revealed a large variety of cis events, ranging from simple duplications, inversions, and deletions to highly reorganized structures (14, 16) . We took the opportunity offered by strains carrying two Sc2.0 chromosomes to further explore the power of the SCRaMbLE recombination assay in trans (14, 15) . The Cre recombinase was induced for 48 hours in strain yLM539 carrying synIII and synIXR ( Fig. 4A and fig. S15 ). Independent clones were sampled during the time course experiment, and two clones, HMSY029 (time T 2 = 2 hours) and HMSY030 (T 8 = 8 hours), were retained for in-depth analysis. Genome-wide Hi-C contact data have recently been shown to provide a convenient way to identify and solve chromosomal rearrangements ( fig. S16) (34) (35) (36) (37) . We therefore applied Hi-C to investigate the consequences of genome structural alterations in these two isolates. The contact maps identify gross chromosomal rearrangements in both SCRaMbLE strains, with each strain exhibiting deletion and translocation events, the latter representing a class of trans SCRaMbLE events not previously observed ( The y axis shows normalized contact frequencies; the x axis shows the distance (in kilobases) from the left and right telomeres. Each point represents the mean contact frequency for the bait region, computed for each chromosome from three independent experiments (on strains BY4742, YS031, and JDY512 for native chromosome III and yLM896, yLM539, and JDY452 for synIII). D1 and D2 mark the normalized contacts discrepancies between both ends of synIII relative to native chromosome III. more closely spaced. To address this, a refined analysis of the reads coverage was performed (table S3 and fig. S17 ), unveiling multiple shortscale modifications of loxPsym-flanked segments (summarized in Fig. 4C, details in fig. S18 ). These results highlight the potential of the SCRaMbLE design to generate gross chromosomal rearrangements, with more rearrangements being achieved after longer induction times. Incidentally, Hi-C analysis of Sc2.0 strains identified several chromosomal rearrangements that spontaneously arose during chromosome assemblies, such as aneuploidy, duplication, or translocation events outside of the synthetic chromosome of interest (table S1 and fig. S19 ) (17) . Hi-C is therefore a convenient way to validate the assembly and subsequent processing of strains carrying synthetic chromosomes.
Outlook
This large data set is a resource that will be exploited in future studies exploring the power of the SCRaMbLE system. By showing that the spatial organization of the Sc2.0 genome is not substantively altered, this work paves the way for future studies addressing the influence of genomewide engineering approaches on essential features of living systems. 
Materials and methods Media

Strains
All strains used in the study are described in table S1.
Culture conditions
Cells were inoculated and grown overnight in 10 ml YPD. Overnight cultures were then diluted and grown to exponential phase in 500 ml YPD for~15 hours at 30°C. For SCRaMbLE and matingtype specific organization experiments, Hi-C libraries were generated from asynchronous cultures (see table S2 ). For all other Sc2.0 strains, Hi-C libraries were generated from daughter cells recovered using elutriation and restarted for 30 min in YPD at 30°C (38) .
Generation of Hi-C libraries
Hi-C libraries were generated with a protocol adapted from (23) with introduction of a biotinligation step (24) . Briefly, aliquots of 1-3 × 10 9 cells were cross-linked for 30 min with fresh formaldehyde (3% final concentration) and quenched with glycine for 15 min. Pelleted cells were dissolved in 10 ml sorbitol 1 M and incubated for 30 min with DTT 5 mM and Zymolyase 100T (C Final = 1 mg/ml). Spheroplasts were washed with 5 ml sorbitol 1M, then with 5 ml 1X restriction buffer (NEB), and suspended in 3.5 ml 1X restriction buffer. Cells were split into aliquots (V = 500 ml) and incubated in SDS (3%) for 20 min at 65°C. Cross-linked DNA was digested at 37°C overnight with 150 units of DpnII restriction enzyme (NEB). The digestion mix was subsequently centrifuged 20 min at 18,000 g and the supernatant discarded. Pellets were suspended in cold water. DNA ends were repaired in the presence of 14-dCTP biotin (Invitrogen), and cross-linked complexes incubated for 4 hours at 16°C in presence of 250 U of T4 DNA ligase (Thermo Scientific, 12.5 ml final volume). DNA purification was achieved through an overnight incubation at 65°C with 250 mg/ml proteinase K in 6.2 mM EDTA followed by a precipitation step and RNAse treatment.
The resulting Hi-C libraries were sheared and processed into Illumina libraries according to manufacturer instructions (Paired-End DNA sample Prep Kit -Illumina -PE-930-1001) using custommade versions of the Illumina PE adapters (28) . Fragments between 400 and 800 bp were purified, amplified, and paired-end (PE) sequenced on an Illumina platform (HiSeq2000 or NextSeq500; table S2).
Raw sequences are accessible in the SRA database under accession number SRP070421.
Generation and normalization of contact maps
Sequencing pair-end data was processed as follows. Fig. 1 . The blue arrow points to the chromosome III right arm that is displaced after rDNA insertion. (D) Violin plot of the contact frequencies between the rDNA cluster and either subtelomeric (light gray) or intra-arm (dark gray) chromosomal regions. ***P < 0.001. using the 6 Ns present on each of the custommade adapters and trimmed. Reads were then aligned using Bowtie 2 in its most sensitive mode against the S. cerevisiae reference genome adapted with the synthetics sequences (39) . An iterative alignment procedure was used: for each read the length of the mapped sequence increases gradually from 20 bp until mapping becomes unambiguous (mapping quality > 30). Read pairs were aligned independently and assigned to a restriction fragment (RF). Religation and other unwanted events were filtered out, taking into account the orientation of the reads, as described (28, 40) . Contact matrices were built for each strain by binning the aligned reads into units of single RF. Adjacent restriction fragments were then pooled into fixed size bins of either 2 or 5 kb. Bins exhibiting important contact frequencies variations (< or > two standard deviation) were filtered, with the corresponding vectors either set to zero (white band on contact maps) or removed (see fig. S12 ). Binned contact maps were then normalized using the sequential component normalization (SCN) described in (40) .
3D representation of contact maps
The 3D representations of the contact maps were generated using ShRec3D (27) on the normalized contact maps filtered for low signal bins. These 3D structures are average representations from populations of billions of cells, and therefore do not represent the exact structure found in an individual cell. It must also be underlined that they are not polymer models and cannot be interpreted as such. They have to be interpreted as representations of DNA contact frequencies over a population of cells. For instance, telomeres loosely cluster together on these 3D representations. In a single nucleus, telomeres would rather form smaller groups scattered all around the nuclear membrane. Since in different cells these group gather different partners, they are regrouped together in the average structure that reflects the population average of contacts. All 3D structures presented here were rendered using VMD (41) .
Similarity between contact maps
To assess the differences of the different data sets, we proceeded as follows. First, normalized contact maps of native chromosomes I, IV, VII, VIII, XIII, XIV, XV, and XVI were binned at 50 kb and quantile normalized. We then computed the Euclidean distance between all pairs of maps and performed a principal component analysis on the resulting distance matrix.
Genomic distance plot
Pairs of reads mapping in cis (i.e., intrachromosomal) positions along the genome were partitioned by chromosome. Reads oriented towards different directions or separated by less than 1.5 kb were discarded. For each chromosome, read pairs were log-binned according to the genomic distance s separating them (in kb) bin = ⌊log 1.1 (s)⌋
The genomic distance plot is the weighted histogram computed from the sum of read pairs for each bin, weighted with the expected number of pairs under the uniform null hypothesis. To compare synthetic and native chromosome both distributions were normalized by their mean computed over the 70% of the curve at lower distances.
SCRaMbLE assay
Strain yLM539 (synIII, synIXR) was transformed with the plasmid pSCw11 CRE-EBD_HIS3 and grown in SC-HIS media (14) . Cre expression was induced with 1 mM estradiol. Samples of induced and noninduced cultures were analyzed over 48 hours (0, 1, 2, 4, 5, 6, 8, 24, and 48 hours). For each time point, serial dilutions were spotted on YPD and SC-HIS agar plates ( fig. S15 ). Two clones, HMSY029 (T 2 = 2 hours) and HMSY030 (T 8 = 8 hours), were retained for sequencing and Hi-C analysis.
Genomic analysis of SCRaMbLE strains
Illumina paired-end short-reads were trimmed to remove adapter sequences. Reads shorter than 100 bp, and/or with unknown bases, and/or exhibiting 1 or more bases with a Phred-score under 7, were filtered and discarded from the analysis. Remaining reads were then mapped to the reference sequence using Bowtie2. The read coverage over the entire genome was computed, with a specific focus on the synthetic regions. The copy number of each segment in between loxPsym sites was assessed to detect deletions, duplications, and higher amplifications. To account for possible systematic experimental biases in the sequencing depth resulting from library preparation and mapping, we used an iterative algorithm to refine the copy number estimation (16) .
We then focused on the unmapped reads carrying a loxPsym site to characterize SCRaMbLE rearrangements. The two segments flanking a loxPsym site define a junction. We trisected unmapped reads into a loxPsym site and its two flanking extremities, then mapped each of the latter to the reference genome using EMBOSS water (42) to identify novel junction. The average sequencing depths of novel junctions for the 2-hour and 8-hour Creinduced strains were 16.3 and 14.3, respectively. We combined novel junctions with a depth higher than 5 and the copy number of segments to characterize the SCRaMbLE induced rearrangements (table S3) .
That no off-target rearrangement occurred elsewhere in the genome was confirmed by analyzing unmapped reads without loxPsym site with EMBOSS water to detect potential recombination events.
Analysis of rDNA contacts
Genome-wide rDNA contact frequencies were investigated in Sc2.0 strains carrying the rDNA either at its natural position on chromosome XII (data sets from strains YS031, yXZX538, yLM539, yLM896, HMSY012, yXZX573), on chromosome synXII (data sets from strains JDY465, JDY512, JDY452), on chromosome III (data sets from strains JDY448, JDY449), or on the 2m plasmid (data set from strain JDY446). For each data set, pair-end reads were aligned on the reference genome of the corresponding strain lacking rDNA sequences and on an extra contig corresponding to a single rDNA unit (~9 kb). Contact maps of trans interactions were generated (bin size, 5 kb) and normalized (40) . To compare the contacts between the rDNA contig with the rest of the genome in different data sets, the values in the corresponding vector were divided by their median to alleviate differences of coverage and/or number of rDNA units. Chromosomes III and XII, which carry the rDNA cluster in three out of four data sets, were removed from the analysis to allow comparison of the rest of the genome. For each data set, the contacts made by the rDNA sequence with either the 28 subtelomeric regions (30 kb at the extremities of the 14 chromosomes investigated) or a 30-kb region positioned 30 kb from the centromere on each arm (central region) were plotted using violin plot function from the "vioplot" R library.
Distribution of read coverage for synthetic and native chromosomes
The removal of repeated genetic elements in synthetic chromosomes relative to native counterparts leads to smother contact maps. Indeed, Hi-C reads cannot be aligned against repeats without ambiguities, resulting in vectors with a low if not null number of contacts. Those vectors appear as empty rows and columns in the contact maps and are a source of noise and spurious contacts in the matrices after normalization. For this reason, these regions are filtered according to a threshold (see the section on Generation and normalization of contact maps). To quantify the improvement in the visibility of synthetic chromosomes all along their length, we compared the histogram of their coverage between the synthetic and the native data set (fig. S12) . The histograms count the number of contacts made by each vector within the region of interest with the entire genome (histogram bin size, 500 reads). The filtering threshold (median -2SD) was computed over the entire genome (reported on the fig. S12 histograms as dotted lines).
